The Challenge of Flame Retardancy-Demands of aGood Flame Retardant
Polymeric materials are ubiquitous in nearly all aspects of modern life:from consumer electronics,packaged goods,and construction to transportation, aerospace,i ndustrial machinery,a nd manufacturing processes.T his development comes with an inherent risk of fire:h ydrocarbon-based polymeric materials display al arge fire load and high flammability. Sustained research on effective flame retardants (FRs) to reduce the risks is pivotal in safeguarding against accidental fires,c ostly damage to material goods,a nd in ensuring the health and safety of the populace.
Halogenated flame retardants,which were widely applied in the past, have come under increased scrutiny and prompted increased research into halogen-free and phosphorus-based flame retardants (P-FRs) in particular. [1] This development is further attributed to legislation and decisive shifts in market demands,a si ncreased attention has paid to producing more sustainable FRs.P -FRs have now become ap rominent alternative to their halogenated counterparts.
[2] Phosphorus plays the key role in halogen-free flame retardancy as aresult of its chemical versatility,multiple FR mechanisms,and high effectivity already at low loadings.A sthed emand for safe advanced materials grows,the question for material scientists is:w hat role can current chemistry play in solving the flame retardancy problem?T omore closely understand the task at hand, it is necessary to first outline what constitutes a"good" FR: 1) Material properties must be conserved to the greatest possible extent, with price as the most determining factor. 2) TheF Rp roperties must match the polymer processing and pyrolysis characteristics. 3) Health regulations and market direction necessitates that formulations must become increasingly environmentally friendly,recyclable,and sustainable.
In the following sections,t hese aspects are explored in detail. Then, state-of-the-art P-FRs and their modes of action are discussed and show how these features are embraced.
Finally,w eh ighlight modern trends of P-FRs and their potential future application. To that end, representative examples for each section were chosen, but this Review is not meant to be ac omprehensive summary.F or further reading,w er ecommend the reviews of Weil and Levchik, [3] Malucelli et al., [4] and Bourbigot and Duquesne.
[5]
Retaining Material Properties:AQuestion of Price
Thechemical composition of the polymer determines the material properties,production routes,application areas,and bulk price ( Figure 1 ). Thermoplastic polyolefins (e.g.p oly-
The ubiquity of polymeric materials in daily life comes with an increased fire risk, and sustained researchinto efficient flame retardants is key to ensuring the safety of the populace and material goods from accidental fires.Phosphorus,aversatile and effective element for use in flame retardants,has the potential to supersede the halogenated variants that are still widely used today:current formulations employ avariety of modes of action and methods of implementation, as additives or as reactants,t os olve the task of developing flameretarding polymeric materials.Phosphorus-based flame retardants can act in both the gas and condensed phase during afire.T his Review investigates howc urrent phosphorus chemistry helps in reducing the flammability of polymers,a nd addresses the future of sustainable, efficient, and safe phosphorus-based flame-retardants from renewable sources.
ethylene,p olypropylene,p olyvinyl chloride) are common commodities and mass produced at low costs;A l(OH) 3 ,t he most common FR, is both effective and inexpensive to produce,but requires high loadings,which affects the material properties (e.g.c oloration, opacity,t ensile strength).
[6] Commercially available P-FRs (e.g. ammonium polyphosphate, APP) require significantly lower loadings for similar effectivity,and thereby retain the respective material properties. [7] Moreover,a djuvants and synergists (e.g.m etal oxides,c harring agents,n anofillers,a dditional P-FRs) increase the efficacya nd further lower the loadings required. [8] Engineering polymers (e.g.p olyamides,p olycarbonates, polyurethanes,p olyethylene terephthalates) are applied in more advanced areas (e.g. electronics/electrical engineering, transport, manufacturing). These materials can be synthesized as thermoplasts,e lastomers,o rt hermosets in foams, fibers,o rf oils,a nd so aw ider array of FRs exist. Theu se of these FRs depend on the polymersp rice,q uality grade,a nd precise application. [9] Notable formulations contain aluminum diethyl phosphinate,m elamine polyphosphate,a nd Zn borate,o rm elamine cyanurate-microencapsulated red phosphorus. [10] High-performance polymers (e.g.e poxy/polyester resins, polyetherimides,p olysulfones,p oly(aryl ether ketones)) are used in specialized fields (e.g.adhesives,coatings,composites) [14] Angewandte Chemie Reviews due to their chemical resistance,t emperature stability,a nd high durability. [11] Here,p erformance outweighs the production costs of the materials and the FRs.Correspondingly,FRs in this material category are the second most important in value terms behind polyolefins:t herefore,c omplex-shaped, multicomponent, and multifunctional FRs are used. [12] Notable formulations include 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) derivates and variations of Pspecies with synergistic moieties:n itrogen, silicon, sulfur, and boron.
[13]
Production Specifics:Finding aMatch
TheF R 'sm ode of action is key when tailoring suitable formulations for polymer materials.E ffective flame retardancydepends strongly on the interaction between the FR and the polymer matrix as well as the structure-property relationship between the two during thermal decomposition. The modes of action can generally be classified into condensedand gas-phase mechanisms (Figure 2 ), and many successful PFRs utilize both. [15] In the condensed phase,m any P-FRs mediate the formation of char by inducing cyclization,crosslinking,a nd aromatization/graphitization by dehydration of the polymeric structure.T he formation of carbonaceous char reduces the release of volatiles,t hat is,f uel.
[16] Some P-FRs additionally act through intumescence:amulticellular residue acts as ap rotective layer, slowing down heat transfer to the underlying material. [17] Many FRs alter the melt flow and dripping behavior by promoting either charring combined with aflow limit (non-dripping UL-94 classification) or flame inhibition combined with increased flow,f or example,v ia radical generators (non-flaming dripping UL-94 classification). [18] Some inorganic FRs (e.g.A l(OH) 3 ,M g(OH) 2 ,Z n borates,boehmite) decompose endothermically and vaporize water, absorbing heat in the condensed phase,and cooling the gas phase. [19] Gas-phase modes of action, usually acting in parallel with condensed-phase mechanisms,crucially increase FR effects:r eleasing non-combustible gases during decomposition reduces the combustion efficiency (fuel dilution). [20] During the combustion of hydrocarbon fuels,H C and OHC radicals are formed, which propagate the fuel combustion cycle most notably through the strongly exothermic reaction OHC + CO!HC + CO 2 . [21] Many P-FRs decompose to form PC radicals which react with OHC radicals and lower their concentration (flame poisoning). [22] These mechanisms crucially depend on the decomposition temperatures of both the matrix and the FR. Therefore,FRs must be chosen to match explicit polymer processing and pyrolysis specifics.T oe nsure chemical interaction during pyrolysis but not during processing, premature FR decomposition must be avoided, whereas the overlap of the polymer and FR decomposition temperatures should be maximized. [23] This is key for high-temperature thermoplastic processes (e.g. compounding,e xtrusion, injection/blow molding), as well as vulcanization for rubbers,o rc uring for thermosets. [24] For foams,F Rs with good foamability are important to maintain mechanical properties,w hile fiber and textile FRs must undergo spinning, weaving, and washing without loss of material or FR properties. [25] Today,n os ingle FR can be used for the wide range of polymers available;aFR may work well for one matrix but not for another,a st he structure-property relationship is specific to the polymer matrix. [26] This makes the search for novel FRs with improved mechanisms essential for all fields of polymer applications.
Sustainability:ARegulatory and Market Goal
Health, environmental, and sustainability considerations play increasingly important roles in the development of novel FRs.I ncreased awareness has been paid to the "PBT" (i.e. persistency, bioaccumulation, toxicity) of FRs. [27] Studies on human exposure pathways and ecosystems have highlighted risks of some FRs,t hus emphasizing the need for increased control and regulation. [28] To curtail "PBT material" risks,r egulatory bodies have enacted legislature to protect the environment and the general population:w ithin the EU,R EACH (Registration, Evaluation, Authorization, and Restriction of Chemicals), which acts upon the RoHS (Restriction of Hazardous Substances) and WEEE (Waste Electrical and Electronic Equipment) Directives,e valuates materials hazards and sets health and safety criteria for chemicals,i ncluding FRs. [29] Notably,t he use of penta-, octa-, and decabromodiphenyl ethers was restricted under the Stockholm Convention on Persistent Organic Pollutants because of health risks,t hus highlighting the need for halogen-free alternatives. [30] Thevoluntary ecolabels introduced by ISO help prevent the circulation of PBT material and raise awareness of sustainable,e nvironmentally aware production. [31] The" EU Ecolabel" serves to reduce the environmental impact and health risk of goods,s ervices,a nd the life cycle of products, much like preexisting labels in Germany and the Nordic countries. [32] TheS wedish TCO Certification specifically credits the sustainability of IT products,akey industry of non-halogenated FRs.T echnology companies such as HP and chemical companies such as ICL-IP have implemented methods (GreenScreen, SAFR) to assess the chemical safety of their products. [33] These trends are in line with consumer desires and the market shift toward more environmentally friendly (and ultimately sustainable) products,thus also prompting the use of bio-based materials and green chemistry in FR formulations. [34] Currently,a ttention has been placed on recyclable FR materials,further decreasing the environmental impact. [35] Three key aspects-cost-effective conservation of material properties;m atching the thermal stability and mode of action to processing and pyrolysis specifics;i ncreased environmental friendliness with sustainability as ag oal-constitute the characteristics of "good" flame retardants.I nt his respect, novel P-FRs will play ap ivotal role in future products:t heir chemical versatility makes them ideally suited, as will be showcased more closely in the following.
Phosphate Rock-A Finite Natural Resource
Phosphorus chemistry is one of the oldest areas of chemistry,a nd involves the continuous development of new methods to improve the safety and sustainability of chemical processes.P -FRs are versatile:1 )the structure of P-FRs can vary from inorganic to organic;2 )the Pc ontent in these molecules can vary (e.g.f rom almost 100 %f or red Pt o 14.33 %f or DOPO);3 )the phosphorus can have different oxidation states,f rom 0t o+ 5, thereby resulting in different FR mechanisms (both in the gas and condensed phases). This architectural variation makes phosphorus unique for the design of FRs with tailored property profiles,such as density or glass transition temperatures (T g ), by changing the binding pattern (e.g.from alkyl to phenyl groups).
Most compounds that contain phosphorus are manufactured from phosphorite,c ommonly known as "phosphate rock". Thec urrent industrial pathways for the synthesis of various P-FRs are shown in Scheme 1. Phosphate is reduced by an electrothermal process to elemental phosphorus (P 4 ), [37] which serves as ap recursor for the production of the main intermediate compounds in industry such as red phosphorus, phosphoric acid (H 3 PO 4 ), phosphorus trichloride (PCl 3 ), Scheme 1. Examples of industrial pathways to various P-based FRs from "phosphate rock". (M is usually zinc or aluminum.) phosphorus pentachloride (PCl 5 ), phosphine (PH 3 ), and hypophosphite (H 2 PO 2 À ). Thee xploitation of all these pathways for the synthesis of many FRs,s uch as ammonium polyphosphate, [38] melamine polyphosphate, [39] phosphazenes, [40] diethyl phosphonic metal salts,o rD OPO, [13b] validates the versatility of the phosphorus compounds used in FR applications.
Although al arge fraction of the P 4 production is transformed into phosphoric acid, today PCl 3 is the main intermediate for the production of major industrial organophosphorus FRs such as triphenyl phosphate (TPP), resorcinol bis(diphenyl phosphate) (RDP), and bisphenol Ab is(diphenyl phosphate) (BADP), as well as for the production of oligomeric or polymeric FRs (Table 1) . Thecommon pathway for the synthesis of phosphorus-containing polymeric FRs is classical polycondensation (polytransesterification or via phosphoric acid chlorides), [41] but more modern strategies such as olefin metathesis polycondensation [42] or ring-opening polymerization [43] (e.g. of cyclic phosphazene derivatives or cyclic phosphoric acid esters) were also studied more recently.
However,phosphorus-based chemicals make up less than 3% of all the phosphorus extracted, with most of phosphate (82 %) being used as fertilizer or for other purposes,including animal feed additives (7 %), detergents,a nd cleaning products (8 %). [44] Phosphate rock is al imited resource that is geographically concentrated in China, the United States, Morocco,Russia, and Jordan (according to the US Geological Survey released in January 2017). [45] At current extraction rates,e stimates point to phosphate rock reserves being depleted in the next 370 years,w ith the exception of the reserves in Morocco. [45] Currently,t here is no alternative for this element;t he phosphorus life cycle needs to be considered for agriculture in particular,but also for FRs.Consequently,the EU introduced phosphate rock to the list of critical raw materials in 2014 and elemental phosphorus followed in 2017. [46] Therefore,t o ensure that phosphate fertilizers and phosphorus chemicals are preserved for future generations,asustainable phosphate management, novel methods to better employ feedstock, and recycling strategies are required globally.P ossible technolo- Table 1 : Commercial P-FR alternatives to decabromodiphenyl ethers (d-PBDE) accordingtothe United States (US) Environmental Protection Agency (released in January 2014).
[a] [36] Commercial gies for phosphorus recovery include aw ide range of strategies,s uch as phytoextraction (optimum annual P removal from Indian mustard seed equal to 114 kg Pha À1 ), biochar (ca. 10 gPkg À1 biochar), or extraction from human urine and feces (recovery of over 80 %o ft otal Pf rom urine with approximately 0.5 and 1.3 gcapita À1 day
À1
). [47] In addition, it is estimated that the extraction of Pf rom manure in the EU may be near to 1.8 million ta À1 ,w hich would satisfy the annual demand of Prequired for EU fertilizers. [48] On the other hand, as sugars are sometimes referred to as the "new oil" for tomorrowsmaterials,the extraction of phytic acid or biomacromolecules (deoxyribonucleic acid and caseins) are also strategies to isolate Pd erivatives for the valorization of by-products from the agro-or food industry (see Section 5 and Figure 3 ) and P-FRs can be part of as ustainable phosphorus chemistry.
Recent Developments in Reactive Phosphorus
Compounds P-FRs can be implemented as either additive or reactive components.T he latter allows for the FR to become part of the materialsc onstitution, thereby leading to "inherently" flame-retardant materials.
Reactive FRs are mainly used in thermosets,s uch as unsaturated polyesters,e poxy resins,o rp olyurethane foams. They are equipped with functional groups (alcohols,e poxy, amines,h alogens,e tc.), which allow incorporation into the polymer matrix during curing.
[1b, 49] In epoxy resins,r eactive FRs are preferred since they are covalently attached to the network and thus have al ower impact on the physical properties of the final product. In contrast, additive FRs result in decreased glass transition temperatures (T g )and are prone to leaching (see Section 4) . Thedecreased leaching of reactive FRs also reduces the potential pollution of wastewaters. However,a dditive FRs dominate the market, as they are easier to use and lower in price.Incontrast, reactive FRs are accompanied by the need for asignificant reformulation of the curing process.T his presents ad isadvantage of reactive FRs, that is,each matrix needs anewly designed and formulated FR, while additives may be used for several polymer matrices. [50] 3.1. Polyurethanes (PUs)
As ac onsequence of the wide use of polyurethanes (PUs) in foams,c oatings, etc.a nd their inherent flammability,F Rs are necessary.H owever, not only are the FR properties important, they also have an impact on the environment and physical properties.B iodegradable PUs are commonly synthesized with hydrolyzable soft segments. [51] Theu se of P-FRs could achieve both, since these materials demonstrate good FR properties and can be both biocompatible and degradable. [52] Chiu et al. [51] synthesized PUs that achieve aV -0 rating in the UL-94 test (classification for the flammability of plastics) and presented efficient FR properties with limited oxygen indices (LOI, minimum oxygen concentration required to sustain combustion) higher than 27.7 %. Thea uthors used 4,4-diphenylmethane diisocyanate (MDI) as the hard segment;5-hydroxy-3-(2-hydroxyethyl)-3-methylpentyl-3-[2-carboxyethylphenylphosphine] propanoate (HMCPP,F igure 4) and polycaprolactonediol (PCL) as the soft segments;a nd 1,4-butanediol (BD) was used as achain extender.Byincreasing the HMCPP content (7.5, 15.0, and 22.5 mol %with respect to MDI) in the PUs,the decomposition temperatures and the T g values were reduced by several degrees. [51] As aw ater-based example,Çelebi et al.
[53a] followed as imilar approach to synthesize aqueous dispersions of FR PUs,but instead of incorporating the P-FR as asoft segment, they incorporated it in the chain-extension step.W ater-based PUs reduce the use of organic solvents and are,t herefore, attractive from an environmental perspective.B is(4-aminophenyl)phenylphosphine oxide (BAPPO,F igure 4) was used for the flame-retardant PU,and ethylenediamine for the nonflame-retardant PU.P oly(propylene-co-ethylene)polyol was used as ac o-monomer.T he physical properties of the two PUs are almost identical, except their gloss properties.T his [51, 53] was explained by the difference in the chain conformation of the two PUs.Furthermore,BAPPO increased the crystallinity of the hard segment, through its aromatic groups and longer chain length, which contribute to the higher packing capability of the hard segments.
[53a]
Them ajority of reactive FRs rely on halogens or phosphorus.H alogenated FRs are substituted nowadays because of toxicity and environmental concerns.I tw as reported that P-containing polyols are mainly the most appropriate reactive FRs for rigid PU foams,b ut they are rarely used in flexible PU foams (FPUF). [54] Chen et al.
[53b]
presented FPUFs,w hich contained phosphoryltrimethanol (PTMA, Figure 4 ) as across-linker.They proved that PTMA was mainly active in the condensed phase during af ire scenario.H owever,P TMA had an egative effect on the cell structure of the foam. With increasing PTMA content, the cell size increased and consequently the number of cell windows decreased. This behavior can be explained by the increased number of closed foam cells arising from the cross-linking nature of the PTMA further influencing the mechanical properties.The FPUF containing 3.2 wt %PTMA showed an increased tensile strength and elongation at break compared to the neat FPUF,b ecause of the change in the foam structure.
Epoxy Resins
Thecopolymerization of FRs is not limited to PUs;epoxy resins,often used for their thermomechanical properties and processability,a lso exhibit high flammability and, therefore, require FRs.T he FRs can be introduced to the epoxy-or nitrogen-containing compound.
Zhang et al. [55] proved that it is possible to achieve high T g values,high thermal stability,and an UL-94 V-0/V-1 rating by the addition reaction of DOPO and epoxy phenol-formaldehyde novolac resin (Scheme 2). DOPO was the first efficient halogen-free FR for epoxy resins based on novolac and gained much attention because of its high thermal stability, high reactivity of its PÀHb ond, and flame-retarding efficiency. [56] An alternative method to incorporate the FR into the polymer network is to use it in the hardener,aprocess commonly used for epoxy resins.Anexample of this approach is the work of Artner et al., [57] who compared two DOPO derivatives ( Figure 5 ): one was modified with amine groups and was used as aFRhardener in epoxy resins,the other had as imilar structure,b ut was an additive FR. Thea uthors revealed that the reactive FR has the potential to be superior over the additive FR.
By attaching the amine groups directly to DOPO,t he solubility of the hardener was increased compared to previous studies.T he resin with the DOPO-based diamine hardener presented comparable thermal-and fracture-mechanical properties as the reference epoxy material, namely the diglycidyl ether of bisphenol Awith 4,4'-diaminodiphenylsulfone.Incontrast to the reactive FR, the non-reactive additive showed adecrease in the T g value by about 75 8 8Cand alower rubber modulus.However,the new hardener revealed ahigh reactivity,which led to an increase in viscosity during curing, thus posing aproblem for application in composite materials because of the reduction in processing time. [57] In contrast, Ciesielski et al. illustrated that it is not necessary to use reactive FR components to maintain superior mechanical performance.B yu sing the DOPO derivatives (DDM-(DOP) 2 and DDM-(DOP) 2 -S) (Figure 6a,b) , their epoxy resins achieved aV -0 rating at 1% P in the resin without significantly lowering the T g value.Itwas reported that phosphoramides can ring-open epoxides, [58] so other P-N nucleophiles may also be incorporated into the polymer matrix, depending on the respective reaction kinetics.
Reactive phosphate-based FRs can also decrease the T g value,w hich may be attributed to the flexibility of the P À O bond. However,W ang and Shi [59] reported that reactive hyperbranched (hb)p oly(phosphoester)s (PPEs;F igScheme 2. FR-functionalized novolac resin for further use in epoxy resins.
[55] Figure 5 . DOPO-based hardener (left), nonreactive analogue (right). [57] Figure 6. a,b) DOPO-based FRs achieving aV-0 rating at 1% Pinthe epoxy resin;c )hbPPE FR for epoxy resins with alower impact on the T g value. ure 6c)-because of their branched structure-reduce the T g value to as maller extent. This was attributed to the higher cross-linking density of the hbPPE having agreater influence than the P À Of lexibility.T he hbPPE was synthesized in an A 2 + B 3 approach by polycondensation of bisphenol Aa nd phosphoryl chloride.T his hbPPE was used to cure ab isphenol Abased epoxy resin by PPh 3 catalysis,which led to aresin with ah igher T g value than the resin cured with only bisphenol A. [59] 
Phosphorus Oxidation State
Thed ecrease in the T g value by the presence of flexible P À Ob onds was also reported by Jeng et al.
[60c] In addition, they stated that the introduction of sterically demanding groups such as P-O-C 6 H 4 -O-P can reduce the cross-linking density,thereby resulting in afurther lowering of the T g value. In contrast, the T g value was reduced less when they used aF Rw ith am ore rigid P-Ph group.H owever, the FR mechanism was also influenced by exchanging aP ÀObond by aP À Cbond. Most reports indicate that phosphine oxides are rather poor char promoters,b ut are more active in the gas phase than other P-FRs with higher oxidation numbers such as phosphates. [60] Theh igher gas-phase activity of phosphine oxides was also reported by Braun et al. [62] who investigated the impact of the Po xidation state on its FR behavior in epoxy resin composites.T hey reported, in agreement with previous reports, [60b] that the amount of stable residue increased and the release of volatiles containing phosphorus decreased as the oxidation state of Pi ncreased (Figure 7) . However,i np revious reports it was concluded that phosphates are the more efficient FRs,b ecause of their higher efficiency as char promoters compared to phosphine oxides.
[60b] This conclusion differs from that of Braun et al.,who ranked phosphine oxide as the best FR and phosphate as the worst through the observation of an increase in charring and decreased flame inhibition for the phosphates,w hich significantly accounted for the performance of FR in composites. These conflicting statements can be explained by the fact that Braun et al. investigated composites as am atrix, for which flame inhibition as amain mode of action plus minor charring was av ery promising route for flame retardancy.
[12d, 61] They showed that the key role of the oxidation state was in the type of interaction during the pyrolysis.The authors explained the greater role of the gas-phase activity of composite materials with ahigh content of carbon fiber through adecrease in the relative impact of the charring.
[60b, 62] 
Recent Developments in Additive Phosphorus Compounds
Most FRs are added as additives during polymer processing steps instead of being built into the polymer backbone.
Them ajor advantage of additive FRs is their costeffectivity (i.e.p erformance value of the material) and ease of application in various matrices,thus they are widely used in industry. [2b, 63] Despite these advantages,a dditive FRs also exhibit several drawbacks,m ost notably their impact on physical properties such as the T g value or mechanical stability.L eaching of the FRs over time is am ajor issue, especially for compounds with al ow molecular weight. This may be partly prevented by using polymeric substances; however, phase separation needs to be prevented. [64] The biggest challenge for additive FRs is,t herefore,t of ind the optimal balance between the FR and the mechanical properties.
[50a,b]
Inorganic Phosphorus Flame Retardants
The" classic" example of an inorganic P-FR is red phosphorus,but in practice it is only used as an encapsulated substance to process FR thermoplasts,f or example,g lassfiber (GF) reinforced PA 6,6, or in many types of multicomponent FR systems.
[9a, 65] Them ain advantages are an unparalleled high Pcontent and efficiency already at small amounts:inGF-reinforced PA 6,6, in combination with metal oxides as synergists,o nly < 7wt% was necessary to achieve excellent FR performance.W hile the use of red Pa lone is declining, it is proposed in combined formulations that include < 8wt% red P, for example,i nP+ inorganic filler or in P-P mixtures combined with intumescent ammonium polyphosphate (APP) based systems. [10b,66] Tane tal. reported ah ardener for epoxy resins based on inorganic APP which was modified with piperazine by cation exchange to later act as ah ardener.T his approach yielded efficient flame retardancy and showed improved mechanical properties compared to the dispersion of APP in the epoxy resin as ar esult of homogeneous incorporation without aggregation. [67] Duan et al. used APP combined with a hbphosphorus/nitrogen-containing polymer in polypropylene (Scheme 3). [68] Formulations using equal parts (10 wt %) of polymer and APP showed high LOI values of up to 30 %, compared to LOI values of approximately 20 %f or 20 wt %o ft he individual compounds.T hese results suggested synergism between the hb polymer and the APP.Raman spectroscopy revealed that more graphitic char had been formed by the combination of these two compounds.T he protective layer effect of the charred layers was also observed in thermogravimetric analysis (TGA) measurements through ahigher temperature at maximum weight loss (T max ). [68] Figure 7. The char residue increasesa nd the gas-phase activity decreases as the oxidation state increases.
Braun et al. showed that the reactivity of the Pa dditive with the polymer matrix (here:G F-reinforced PA 6,6) has agreat influence on its interaction with other additives as well as the main activity in the condensed or gas phase.This study illustrated that the main mechanism of melamine polyphosphate (MPP) is dilution of the fuel and the creation of aPbased protective layer. Aluminum phosphinate (AlPi), another FR currently widely applied, on the other hand, acts mainly in the gas phase.T he combination of the two additives changes the dominant FR mechanism through the formation of astrong protective layer consisting of aluminum phosphate.T he addition of zinc borate led to formation of ab oron-aluminum phosphate layer, which showed ab etter protective layer performance than aluminum phosphate and resulted in the best cone calorimeter (most important instrument in fire testing,m easuring heat release rate by the amount of oxygen consumed during combustion) performance of the samples,w ith hardly any ignition evident.
[10a, 69] Theu se of various salts of dialkylphosphinates,( e.g. aluminum, calcium, and zinc) as effective FRs for GFreinforced thermoplasts were investigated by Clariant SE. Thea luminum salts AlPi are commercially available under several trade names,s uch as Exolit OP 930, Exolit OP 935, and Exolit OP 1230. TheE xolit OP line of products vary in the AlPi modification (e.g. encapsulation, particle size, etc.). [13a] Thes ynergism between AlPi and nanometric iron oxide or antimony oxide was investigated by Gallo et al.,who found different FR behaviors operated:i naredox cycle, Fe 2 O 3 oxidized Pt oi norganic phosphates and was reduced to magnetite,t hereby increasing the amount of Pi nt he condensed phase.H owever,ac atalytic effect on the crosslinking was postulated for Sb 2 O 3 ,anonreducible oxide,asno hint of the same mechanism was detected. Thea uthors proposed that the surfaces of the metal oxides stabilize the oxygen-containing intermediate structures and thereby promote cross-linking reactions between the polymer chains and also the interaction with P-based intermediates. [70] Naik et al.,and in arecent study Müller et al.,compared the influence of the metals in melamine poly(aluminum phosphate), melamine poly(zinc phosphate), and melamine poly(magnesium phosphate) in epoxy resins.M elamine poly(aluminum phosphate) reduced the peak heat release rate (PHRR) by about 50 %, whereas the other two melamine poly(metal phosphates) achieved areduction of PHRR to less than 30 %c ompared to the neat epoxy resin. All three materials reduced the fire load by 21-24 %a nd lowered the CO yield and smoke production. Theimproved fire behavior is explained by their main activity in the condensed phase, with minor signs of fuel dilution. Thef ire residue increased and, as ar esult of intumescence,aprotective layer was formed. In addition, synergistic combinations with other flame retardants were also studied:here,melamine poly(zinc phosphate) with melamine polyphosphate showed the best overall FR results as ac onsequence of strong intumescence, with al ow heat release rate (HRR) and the lowest PHRR, maximum average rate of heat emission, and fire growth rate index values. [71] 
Organophosphorus Flame Retardants (OPFRs)
Organophosphorus compounds are currently discussed as substitutes for halogenated, mainly brominated, FRs.M ost organophosphates are used as additives rather than being chemically bound to the polymer matrix. [72] Besides their use as FRs,t hey work as plasticizers or antifoaming agents and are used in plastics,f urniture,t extiles,e lectronics,c onstruction, vehicles,a nd the petroleum industry.I nt he following, some examples of these compounds-selected because of their importance to the field (more than 30 citations)-are discussed.
Thei nfluence of the chemical structure on the FR mechanism is not only important to small molecules,b ut also for organophosphorus polymers.Aromatic polyphosphonates exhibit higher thermal stability than aliphatic polyphosphonates,a nd, at the same time,t hey have ah igher hydrolytic stability than the aromatic polyphosphates.T his was explained by the presence of the stable P À Cb ond in phosphonates,w hile phosphates carry an additional hydrolyzable P-O-C linkage that results in lower degradation temperatures. [73] Thei nfluence of the chemical structure of the FR on its mechanism has been intensively studied. While Beach et al. suggested that the major FR mechanism for bromine-and sulfur-containing FR additives in polystyrene is through enhanced degradation of the polystyrene matrix, [75] the phenomenon of radical generation together with flame inhibition was first investigated by Eichhorn in 1964. [74] The mechanism of the condensed phase is as follows:ahydrogen atom is abstracted from the polystyrene backbone by the flame retardant, followed by b-scission of the polystyrene radical (Scheme 4). P-FRs show no such enhanced degradation of polystyrene (PS) and, therefore,e xhibit lower performance in LOI tests, the reason being the difference in bond dissociation energies. However,c ombining sulfur with triphenyl phosphate (TPP) Scheme 4. Mechanism for enhanced degradation of polystyrene. [75] Scheme 3. Synthesis of the hb FR polymers containing phosphorus/ nitrogen. resulted in ap erformance comparable with that of hexabromocyclododecane (HBCD). Loosening of the polymer network by degradation is an important condensed-phase mechanism which allows mass transfer of gas-phase species to the surface and removes fuel and heat away from the pyrolysis zone via melt flow.A ccording to the authors,t he synergism between sulfur and TPP was achieved by the sulfur causing enhanced degradation of the PS network (Scheme 4), which resulted in an improved mass transfer of TPP to the surface. [75] More recently,W agner et al. investigated OPFRs with synergists containing disulfide bridges,f urther identifying the role of radical generators in the enhanced degradation of polystyrene. [76] As most additive monomeric and oligomeric OPFRs exhibit ap lasticizing effect on the polymer matrix and may volatilize or migrate during the processing, alternative FRs are needed. Therefore,a cademic and industrial studies are increasingly turning to polymeric OPFRs which are designed to be completely miscible with the matrix and, therefore,less likely to migrate over time. [73] Thei mportance of the FR molecular weight was investigated by comparing the monomeric FR TPP with the oligomeric FRs resorcinol bis(diphenyl phosphate) (RDP) and bisphenol Ab is(diphenyl phosphate) (BDP) in polycarbonate/acrylonitrile-butadiene-styrene blends.A ll three compounds showed activity in the gas phase through flame poisoning,w ith TPP and RDP revealing as lightly better performance than BDP.H owever,T PP had almost no condensed-phase activity,w hile RDP showed some,a nd BDP demonstrated the highest activity.T he behavior was explained by the fact that BDP and RDP catalyzed Fries rearrangements in the PC,w hile TPP volatized before the decomposition of PC-ABS because of its low molecular weight, thus preventing chemical interaction.
[23c, 77] Thephase separation of polymer blends must always be investigated with respect to the desired material properties.Inthis context, hb polymeric FRs are promising materials.T heir key properties include many reactive end groups,ar elative low intrinsic viscosity compared to linear polymers,a nd in most cases ah igh miscibility and solubility with other polymeric materials.I n addition, their straightforward synthesis through "hyperbranching", that is,s tatistical branching polymerization, makes them available on alarge production scale.F urthermore,t his class of polymers also has the potential to have al ower impact on material characteristics such as mechanical properties and T g value. [78] Phosphorus combines chemical versatility and FR effectivity,t hus allowing for enormous variety in FR formulations.These examples have shown that Ps hows different modes of action in FR formulations because of many various criteria:o xidation state,r eactive or additive,i norganic or organic, low or high molecular weight, etc.
Modern Trends and the
Future of PhosphorusBased Flame Retardants
Synergistic Multicomponent Systems
Flame-retardant structures containing heteroatoms such as nitrogen, silicon, sulfur, and boron in combination with phosphorus provide ah uge range of specific interactions, compared to the decomposition of phosphorus structures or the decomposition of these with pure hydrocarbons, [26] thereby reducing the overall load of FRs in am aterial and maximizing effectivity (Figure 8 ).
[13d, 58, 79] Thec ombination of phosphorus-nitrogen (P-N) compounds is one of the most promising reported synergisms for halogen-free flame retardants.P -N synergism promotes the formation of cross-linked networks with polymer chains during af ire,t hereby encouraging the retention of Pi nt he condensed phase and yielding higher and more thermally stable char formation. [81] Tw oo fthe most prominent P-N structures include phosphoramidates [82] and cyclotriphosphazenes. [83] Them ain advantages of phosphoramidates over their analogous phosphates are their higher thermal stability, [84] lower volatility, [85] and higher viscosity as aresult of hydrogen bonding.
[82c] These features can increase the density of the entire system and make them more likely to be retained in the matrix during combustion, thus contributing to ah igher condensed-phase activity and affording higher char yields. [82c] Interestingly,t hey showed that trisubstituted phosphoramidate displayed poor flame-retardant behavior on flexible polyurethane foams compared to the analogous monosubstituted phosphoramidate (Figure 9 ). Thea uthors suggest that this is because the trisubstituted phosphoramidate decomposes thermally/hydrolytically to form nonvolatile structures that contribute only to condensed-phase activity. However,the monosubstituted phosphoramidate can decompose to form POC radicals,which might prevent the oxidation of HC and OHC radicals.
Linear poly(phosphoramidate)s (PPAs) were also studied as FRs. [86] Theresults indicated an enhanced thermal stability, increased formation of char yields at higher temperatures,and higher glass transition temperatures (T g )w ith respect to the analogous poly(phosphate)s.I mprovement in the flammability test (30 %l imiting oxygen index (LOI)) and dripping resistance (V-0 rating in UL-94) was achieved with aloading of about 30 wt %PPA .
In the last decade,am yriad of chemically and thermally stable phosphazene derivatives has been developed (Figure 10) . [83,86b,87] Cyclophosphazenes are reported to present even higher thermal stabilities than phosphoramidates:t he thermal decomposition of the phosphazene-bound piperazine has been reported from 350 8 8Cu pt o5 00 8 8C( under N 2 )w ith residues between 50 and 70 wt %, depending on the substituents.T his large amount of char indicates cross-linking during pyrolysis,f or example,t hrough ring-opening polymerization.
[83a, 88] Theh ydrolytic lability of PÀNb onds limits their application in textiles (washing). Although, recent studies showed self-extinguishing in cotton/polyester blends grafted with allyloxypolyphosphazene. [89] Hexachlorophosphazene is the common starting material for polyphosphazenes,asitallows the introduction of various pendant groups after polymerization, for example,t he fully inorganic polyaminophosphazene,o rf unctional inorganicorganic hybrid polymers ranging from linear copolymers [90] to branched polymeric structures. [88] Thec ross-linked or hbpoly(phosphazene) structure not only acts as ag ood carbonization agent, but can also stop dripping and reduce the peak heat release rate (PHRR) by 55 %, as reported by Tao et al. [83a] Polyphosphazenes usually exhibit low T g values (from À100 8 8Ct oa bove room temperature). [91] Qian et al. syntheScheme 5. PÀNb ond hydrolysis under acidic conditions.
[82c] Figure 9 . Monosubstituted dimethyl/diphenyl phosphoramidates.
[82c] Figure 10 . Low-molecular-weight and polymeric flame-retardant phosphazenes. [87] [88] [89] [90] Angewandte Chemie Reviews sized phosphaphenanthrene/cyclotriphosphazene FRs with practically the same T g value as the neat diglycidyl ether of bisphenol A( DGEBA) epoxy resin. [87] Recently,t he Wu research group has been working on the synthesis of several cyclotriphosphazene-linked epoxy resins. T g values of 160 8 8C or 145 8 8Cw ere reached by using them as am atrix [90a] or loading them into DGEBAr esins (20 wt %), respectively.
[83b,90b] As elf-extinguishing UL-94 V-0r ating was achieved with aloading of 30 wt %int he resulting thermosets.
As mentioned in Section 4, ac urrent challenge in the development of new FRs is the retention of the mechanical performance of the matrix and effectiveness of the FR. This was achieved to some extent by reactive hbPPEs (see Section 3.2). Another, very promising approach to meeting this requirement is the combination of Pcompounds either by blending or covalent linkages to nanometric fillers,s uch as carbon nanotubes, [92] graphene, [93] polyhedral silsesquioxanes, [94] halloysite nanotubes, [95] montmorillonite,o rm etal oxide nanoparticles. [96] In some cases,F Rs which are covalently grafted onto the nanofillers have higher efficiencythan additives at the same concentration. [97] Acceptable grafted amounts of Pcompounds are between 10 and 30 wt %, which equate to less than 1wt% phosphorus in the final nanocomposite.AUL-94 V-0c lassification (Figure 11 a) and an increase in the LOI value have been reported for polypropylene and epoxy resin using DOPO-grafted to SiO 2 nanoparticles, [98] exfoliated graphene, [99] or glass fabric.
[97a]
Ty pically,t he synergistic effect of the nanofillers and Pgrafted compounds occurs in the condensed phase.Phosphorus promotes the formation of cross-linked structures,w hich together with the effect of nanofillers of increasing the melt viscosity promotes intensive carbonization (Figure 11 b ). However,s ome studies have suggested that the grafting of chlorinated phosphorus compounds or DOPO-silane derivatives to carbon nanotubes [92b] and graphene [99] also affected the gas phase.T he combination of gas-and condensed-phase activity led to ar eduction in the PHRR by around 35 %a nd an increase in the LOI values in polyamide 6and epoxy resin, even achieving the V-0c lassification in UL-94 tests.
However,t he FR effect of the nanofillers depends not only on the formation of ac ompact network layer at high temperatures,b ut also on their ability to be dispersed in the nanocomposite (Figure 11 ). Fore xample,s everal research groups focused on grafting Pc ompounds such as diphenylphophinic chloride, [92a] hexachlorocyclotriphosphazene, [92b] or an oligomeric diaminobisphosphonate [100] to carbon nanotubes.These polymers cover the surface of the nanotubes with athin layer, which impedes the formation of p-p interactions and promotes their individual dispersion in polystyrene (PS), polyamide 6(PA 6), or ethylene vinyl acetate (EVA), respectively.Stable dispersions in dimethyl sulfoxide (DMSO), N,Ndimethylformamide (DMF), or H 2 Ow ere achieved after ultrasonication. In addition, Qian et al. also obtained stable colloidal dispersions of graphene grafted with DOPO-silane in ethanol, tetrahydrofuran (THF), and DMF (Figure 11 c) . [99] According to the authors,the introduction of compounds with polar groups on the surface of the carbon nanotubes favored their wettability and compatibility with polymer chains.
It is clear that research on synergistic systems is very active.P -N-based compounds have proved to be ar obust alternative to the predominantly halogenated FRs in use today.A ss hown in Section 5.1, ac ondensed-phase mechanism is predominant for P-N compounds as well as for P nanocomposites.Inthe latter,the key role of P-FRs is to favor the dispersion of the nanofillers,t hereby enhancing the formation of ap rotective char layer and lowering the heat release rate (HRR) during the combustion of the polymer. Figure 11 . Effects of phosphorus-grafted nanofillers in an organic matrix. [100, 111] a) UL-94 test of ethylene vinyl acetate (EVA) with 1wt% multiwalledc arbon nanotubes( MWNTs) wrapped on the surface with poly(2,6-diaminopyridine spirocyclic pentaerythritol bisphosphonate) (PDSPB);b)carbonization after the cone calorimeter test of epoxy resin (EP) with 2wt% of the MWNTswrapped on the surface with poly(phenylphosphonic-4,4'-diaminodiphenylmethane) (PD);c )photographs of dispersions of graphene and graphene wrapped with 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) modified vinyl trimethoxysilane (DOPO-VTS) in different solvents and transmission electron microscopy( TEM) images of EP with graphene-DOPO-VTS as af lame retardant.
Renewable Sources
Fractions of biomass from different industrial sectors (e.g. paper) are utilized to produce bio-based FRs,s uch as carbohydrate fractions (starch), oil fractions (triglycerides or fatty acids), and phenolic fractions (lignin). [101, 102] In some cases,t hese fractions are modified with Pc ompounds to improve their FR potential.
Since 2006, the group of Cµdiz, in particular, have made special efforts in this field. [103] They reported new routes to obtain P-containing triglycerides or fatty acids from vegetable oils by cationic polymerization, by cross-metathesis reaction, or by Michael addition. An increase in the LOI values in the final material was detected. More recently,H owell et al. [104] reported the esterification of isosorbide (from starch) with 10-undecenoic acid (from castor oil) to provide ad ifunctional ester which can be modified by at hiol-ene reaction to generate aseries of phosphate,phosphonate,and phosphinate esters,w hich were later incorporated into epoxy resins. Howell et al. further synthesized diethyl esters of tartaric acid, ab y-product of the wine industry,u sing diphenylphosphinic chloride,t hereby producing an ester which may serve as abase for further FR agents. [105] Starch, chitin, and chitosan are polysaccharides that carry various chemical functionalities that can undergo reactions such as etherification, esterification, or graft polymerization to produce FRs. [106] Cotton fabric is the matrix par excellence for the application of bio-based FRs and is the most commonly used. Polysaccharide cationic polyelectrolytes deposited through layer-by-layer (LbL) assembly can greatly enhance the char-forming ability of cellulose.2 0-40 deposition steps are usually necessary to achieve significant flameretardant properties,w hich limits the applicability of this technique.However,Carosio et al. [107] recently achieved selfextinguishing during af lammability test after only two deposited bilayers (less than 5wt% deposited on cotton) using apolyphosphoric acid as an anionic polyelectrolyte.The dehydration effect of the polyphosphoric acid promoted the formation of aprotective layer from the starch. Xiao et al. [108] reported the synergistic effect of ac hitosan/urea compound based on ap hosphonic acid melamine salt with melamine pyrophosphate and pentaerythritol in polypropylene,thereby accelerating the decomposition and promoting char formation.
Lignocellulosic materials are aromatic-rich polymers that exhibit high thermal stability and very high char yields.T he high number of reactive functional groups in their structure allows their chemical functionalization with Pt op romote dehydration reactions,a nd with nitrogen compounds to release NH 3 gas.L iu et al. [109] reported the modification of lignin by grafting polyethylene imine and diethyl phosphite as well as its incorporation in polypropylene/wood composites. Costes et al. [110] modified lignin with PONH 4 to improve its FR action in poly(lactic acid). AV-0 classification in UL-94 fire tests was achieved through the incorporation of 20 wt % of the treated lignin.
Interestingly,the authors showed that the thermal stability of lignin is mainly dependent on the nature and the number of monomer units that constitute the plant, which is not only affected by the plant origin but also by the extraction process used. Thus,O rganosolv lignin was less thermally stable than Kraft lignin. Thethermal degradation of lignin started around 230 8 8Cw ith the cleavage of the phenylpropanoid side chain and continued with the further cleavage of the main chain (250 8 8C-450 8 8C), which produced alarge quantity of methane. Above 500 8 8C, condensation reactions of the aromatic structure occur, promoting the formation of 50 wt %o fastable char up to 650 8 8C. Lignincellulosic derivatives such us coffee grounds [112] in poly(butylene adipate-co-terephtalate) or vanillin [113] in epoxy resins have also been reported as FR additives.
Theuse of phytic acid from cereal grains,beans,orseed oil (28 wt %Pcontent) has been reported so far as abio-based P-FR. Phytic acid (PA) decomposes around 200 8 8C, which ensures the dehydration of ac arbon source and makes it ag ood candidate as an acid source for intumescent systems. [114] Laufer et al. used LbL assembly to develop af ully renewable intumescent system which reduced the flammability of cotton. [114] Thec ombination of 30 bilayers of PA (anionic polyelectrolyte) with chitosan as acationic polyelectrolyte succeeded in completely extinguishing the flame in av ertical flame test. Recently,Z heng et al. [115] synthesized am elamine phytate (MPA) with ap article size around 1 mm by the reaction of phytic acid with melamine.M PA starts to decompose at around 250 8 8C, releasing water and producing melamine polyphytate by self-cross-linking.A t4 00 8 8C, the striazine ring from melamine decomposes with generation of inert gases.T he addition of ac harring agent, dipentaerythritol, was necessary to reach 28.5 %i nt he LOI test and aV -0 rating in the UL-94 test (the dripping phenomenon of polypropylene needed to be suppressed).
Biopolymers
Theg roups of Malucelli and Alongi have recently introduced the use of phosphorylated biomacromolecules such as caseins (from milk products) and deoxyribonucleic acid (from the extraction of salmon milt and roe sacs) as inherent FRs;this was part of astrategy for the valorization of by-products from the agro-food industry. [4, 116] a S1 -Caseins are phosphorylated proteins containing approximately nine bound phosphate groups per molecule. In cotton fabrics,c aseins show thermal degradation profiles analogous to those of ammonium polyphosphate (APP) salts, except that the phosphoric acid is released at lower temperatures compared to the salts,because of the weaker covalent bonds of the phosphate groups in the main chain. The catalytic effect of the phosphoric acid in the dehydration of the cellulose promotes the formation of at hermally stable char at 600 8 8C. In flammability tests,asignificant decrease of 35 %inthe total burning rate and areduction of the PHRR by 27 %w ere achieved. In polyester fabrics,t he decrease in the burning rate was 67 %, but dripping was not suppressed.
Thestructure of deoxyribonucleic acid (DNA) makes it an ideal intumescent material as it carries 1) phosphates as an acid source,2 )deoxyribose units as ac har source,a nd 3) nitrogen-containing aromatic groups as blowing agents.
However,D NA decomposes at lower temperatures (160-200 8 8C) than the typical intumescent additives (e.g.3 00-350 8 8C). [117] In cotton fabrics,the thermal degradation of DNA was similar to that of APP:t he combustion data proved asignificant decrease in the PHRR by 50 %combined with an intumescent effect.
Thea pplication of caseins and DNAt ot he fabric was carried out by impregnation or by LbL depositions.F or significant results,2 0b ilayers were necessary to reduce the burning rate and achieve self-extinguishment of the fabric as well as an increase of the final residue after burning. However,t he major disadvantage of applying biomacromolecules to fabric is their poor resistance to washing treatments.
Recently,Alongi et al. investigated the potential of DNA coated on different matrices (EVA, PP,P A6) as a"universal" FR. [118] Thicknesses of 3mm( 10 wt %D NA)s howed good performances and ar eduction in the PHRR of more than 50 %i nall polymeric matrices (Figure 12 ).
To summarize,t he main mechanism of biopolymers in cotton fabrics is the release of phosphoric acid at lower temperatures to catalyze the formation of at hermally stable char.H owever,t wo current limitations to their use are their poor resistance to laundering and their expensive production on alarge scale.
Conclusions
Phosphorus is pivotal to the development of novel efficient flame retardants,m ainly because of its chemical versatility:itcan act in both the condensed and gas phase,as an additive or as areactive component, in various oxidization states,and in synergy with numerous adjuvant elements.With increased awareness towards nontoxic,r ecyclable,a nd biobased (or even sustainable) materials,p hosphorus has the potential to fulfill all the criteria for future flame retardants. Future FRs will be increasingly tailored to the polymer type and its application, especially for new polymers,i ncluding biopolymers.The trend towards high-molecular-weight FRs is apparent, and polymeric,complex, and multifunctional structures will aid in reducing flammability without al oss of valuable properties.F urthermore,i nvestigations into combinations of Pw ith various moieties (P-P,P -Si, P-B,e tc.) and multicomponent systems will continue to reduce FR loading and improve FR performance.F inally,t he use of renewable resources as effective FRs will ensure am ore ecologically aware means of production, thereby increasing the longevity of research into the field of flame retardancy.
"Molecular firefighting" demands the combined efforts of synthetic chemistry,anunderstanding of FR mechanisms,and knowledge of polymer processing. This interdisciplinary field continues to reveal new insight into the FR mechanisms, which we believe will drive toward amore sustainable Plifecycle for FRs and an ew era of polymeric FR materials. 
